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Vertebrate development: The fast track to Nodal signalling
Derek L. Stemple
The transcription factors Fast-1 and Mixer are important
terminal components of Smad2-mediated TGF-β signal
transduction. Recent studies demonstrate that Fast-1
and Mixer play critical roles in the formation of
endoderm and dorsal mesoderm in zebrafish.
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Developmental biologists seek to understand how
molecular signals between cells are generated and inter-
preted. A necessary step toward such an understanding is
the identification of the components of each signalling
process. In recent times, great progress has been made in
defining the components of such signalling systems,
through the application of biochemical, cell biological and
genetic approaches. One such system that is essential for
normal vertebrate development is Nodal signalling, which
uses extracellular factors of the transforming growth factor
β (TGF-β) family. Zebrafish genetics has made several
critical contributions both to identifying components of
the Nodal signalling pathway and to elucidating how those
components interact [1,2].
A further advance in understanding the Nodal signalling
pathway has been made in two studies recently published
in Current Biology [3,4], which concern the cloning and
mutational analysis of the zebrafish fast-1 gene. These
new studies started with the identification in large-scale
zebrafish screens of two mutations, uncle freddy and schmal-
spur, named respectively after a comedy sketch character
and a narrow German track. These mutations, which are
allelic and turn out to be lesions of the fast-1 gene, are now
collectively known as schmalspur and cause embryos to
develop with fused eyes. The mutations also affect the
development of the ventral part of the nervous system and
lateral asymmetry. 
The schmalspur mutant phenotype is similar to that caused
by mutations of components of the TGF-β signal trans-
duction pathway — which generate the mutants cyclops,
squint and one-eyed pinhead [2,5,6] — and both sets of
authors [3,4] followed up the clue that the schmalspur
mutations affect some other known component of this
pathway. Both groups [3,4] first mapped schmalspur to the
centromere of chromosome 12, and then discovered that it
is closely linked to the gene fast-1. Fast-1 is a DNA-binding
protein that interacts with intracellular components of the
TGF-β signalling pathway, known as Smads, which connect
activated cell-surface receptors to the nucleus of a target
cell (see below).
The two groups [3,4] were thus inspired to clone and
sequence fast-1 cDNA from mutant fish, and thereby
found that missense mutations affecting the DNA-binding
domain of Fast-1 were associated with both mutant alleles
of schmalspur. This indicates that the close linkage of fast-1
and schmalspur reflects their actual genetic identity. In situ
hybridisation showed that the fast-1 gene is fairly uni-
formly expressed in zebrafish embryos; importantly, fast-1
mRNA is present in oocytes and eggs at all stages of ooge-
nesis. Both groups [3,4] were able to raise homozygous
schmalspur mutant fish to adulthood and thus test the role
of Fast-1 during the earliest events in zebrafish develop-
ment. They found that mutant embryos lacking both
maternal and zygotic fast-1 — referred to as MZsur
mutants — fail to form most axial mesendoderm, though
they do not exhibit the striking loss of mesoderm and
endoderm seen in maternal–zygotic one-eyed pinhead
(MZoep) mutants or squint; cyclops double mutants [2,5,6].
The zebrafish bonnie and clyde locus was first identified
because mutant embryos have cardia bifida. The bonnie
and clyde locus has recently been reported [7] to encode a
zebrafish member of the Mix family of homeodomain
proteins, known as Mixer. Detailed analysis of the bonnie
and clyde mutant phenotype indicated that the primary
defect is a failure to form non-axial endoderm, which then
leads to cardia bifida. Expression of bonnie and clyde, and
thus the formation of non-axial endoderm, depends on
proper Nodal signalling during gastrulation. Hence the
phenotypes of bonnie and clyde and MZsur suggest that
both of these transcription factors act downstream of
TGF-β-related Nodal signals (Figure 1) [8]. What, then, is
known about TGF-β signalling in general, and Nodal sig-
nalling in particular?
TGF-β signalling and vertebrate early development
In its various guises, TGF-β signalling plays important
roles in a large number of cellular interactions in animals
[9]. The TGF-β family of growth factors is a large family
of polypeptides that have similar structures and that acti-
vate, via their cognate receptors on target cells, similar
intracellular signal transduction machinery. TGF-β family
members have been shown to control a variety of events,
including cell proliferation, differentiation, motility and
adhesion, as well as extracellular matrix formation [9].
During early vertebrate development, there are two main
types of TGF-β signalling that work in concert to
pattern the embryo. Signals carried by members of the
bone morphogenetic protein (BMP) subfamily, mediated
intracellularly by Smad1 and Smad5, control the specifica-
tion of ventral cell fates and inhibit the formation of dorsal
tissues. By contrast, Nodal signals, likely mediated by
Smad2, control the formation of mesoderm and endoderm,
and at high levels they induce dorsal cell fates.
These signalling events first came to light in the classical
embryological studies of Spemann and Mangold, who
showed that, in a developing vertebrate embryo, dorsal
tissue predominantly contributes to the axial structures of
the notochord and pre-chordal plate, while recruiting
surrounding cells to form non-axial embryonic structures.
Spemann and Mangold coined the term ‘organiser’ to
describe this inductive capacity of the dorsal tissue. More
recently, genetic studies in zebrafish have shown that for-
mation of dorsal mesendoderm is dependent upon what
are now known as Nodal signals. When the activities of
the zebrafish Nodal genes, squint and cyclops, are simulta-
neously disrupted, embryos fail to form dorsal mesendo-
derm [5]. Such embryos also fail to form essentially all
other endoderm and most other mesoderm. The striking
phenotype of squint; cyclops double mutant embryos led to
the discovery that One-eyed pinhead — a member of the
EGF-CFC family of signalling molecules, which are
defined by an epidermal growth factor (EGF)-like domain
and a cysteine-rich CFC motif — is an important compo-
nent of Nodal signalling (Figure 2) [2,6].
Nodal signalling and the role of one-eyed pinhead
The one-eyed pinhead gene was the first zebrafish gene to
be cloned by its genetically defined chromosomal posi-
tion. At the time when one-eyed pinhead was cloned, it was
not clear how its gene product acts to specify dorsal fates.
As mentioned above, One-eyed pinhead is a secreted
protein of the EGF-CFC family, closely related to the
mouse proteins Cripto and Cryptic [1]. As part of the
cloning project, one-eyed pinhead mRNA was injected into
zygotic one-eyed pinhead mutant embryos [6]. The one-eyed
pinhead mRNA rescued the zygotic phenotype and the
embryos were raised. Months later, the fish were mated
and Schier and colleagues [2] were amazed to find 100% of
the progeny with a phenotype identical to squint; cyclops
double mutant embryos.
Detailed analysis revealed that the maternal–zygotic
one-eyed pinhead (MZoep) phenotype could be rescued to
wild-type by injection of mRNA encoding Smad2, a
constitutively activated type I TGF-β receptor or activin
(another TGF-β family member). By contrast, mRNAs
encoding Cyclops, Squint or both were unable to rescue
the MZoep phenotype. These experiments indicated that
One-eyed pinhead confers Nodal responsiveness on a
TGF-β receptor complex [2]. While molecular interac-
tions between One-eyed pinhead and the TGF-β receptor
complex remain to be elucidated, the genetics strongly
indicate that One-eyed pinhead acts as an obligate
promoter of TGF-β receptor activation in the presence of
Squint and/or Cyclops (Figure 1). 
The remarkable squint; cyclops/MZoep phenotype can also
be elicited by members of the Lefty subgroup of the TGF-β
family. For example, microinjection of mRNA encoding
zebrafish Lefty1 into early cleavage stage zebrafish
embryos completely inhibited the specification of dorsal
mesendoderm and produced an embryonic phenotype
that is virtually identical to that of squint; cyclops or MZoep
mutants [10]. Lefty1 and Lefty2 are induced in response
to Nodal signalling, and it has been suggested that a nega-
tive feedback loop has evolved to regulate the amount of
dorsal mesendoderm formed [3,11]. One-eyed pinhead and
the Leftys thus act outside the cell as positive and negative
modulators of Nodal signalling, respectively (Figure 1).
How are Nodal signals transduced to the nucleus?
Smads and Smad-interacting proteins
The first Smad protein to be identified was Mothers-
against-Dpp (Mad), which was discovered by virtue of its
key role in transducing the signal transmitted by the TGF-β
family member Decapentaplegic (Dpp) in the fruitfly
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Figure 1
Schematic diagram of how Nodal signalling is thought to work during
zebrafish gastrulation. The Nodal-related protein Squint and Cyclops
are secreted ligands. Interaction of Squint–Cyclops complexes with
TGF-β receptors leads to the intracellular release of activated Smad2,
which interacts with Smad4 and becomes translocated to the nucleus.
The Smad2–Smad4 complex interacts with Fast-1 or Mix/Bix proteins,
leading to the transcriptional activation of Nodal-responsive genes.
Among these genes is one encoding Antivin (also known as Lefty1)
which is secreted and can serve as an extracellular negative regulator
of Nodal signalling.
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Drosophila [12]. The discovery of vertebrate homologues of
Mad — the Smads — and the subsequent biochemical
analysis of their interactions have led to the current model
of TGF-β signal transduction [9]. Nodal is likely to use the
same components as the activin branch of TGF-β sig-
nalling, in which Smad2 confers intracellular receptor
specificity. Receptor-activated Smad2 is thought to bind
Smad4 and then, as a complex, translocate to the nucleus
where it mediates transcriptional events. Though some
Smad complexes are able to bind DNA directly, the
Smad2–Smad4 complex is thought to act through other
DNA-binding partners [9].
The analysis of activin-responsive promoters in Xenopus led
to the discovery of two key classes of Smad interacting
DNA-binding factors. The first of these factors, a
‘forkhead’ protein called Fast-1, was identified as part of a
complex that binds an activin-response element of the
Xenopus Mix.2 gene [13,14]. Smad2 and Smad4 were shown
also to be components of the complex. More recently [8], in
studies of the activin-responsive gene goosecoid, the home-
odomain proteins Mixer and Milk (also known as Bix2)
were found to mediate activin responsiveness in a
Smad2/Smad4-dependent manner. Germain et al. [8] iden-
tified a protein motif in Mixer and Milk that they showed is
necessary and sufficient for interaction with Smad2. This
protein motif, the ‘Smad-interaction motif’ (SIM) has a core
consensus sequence PPNK and is also present in Fast-1.
Some insight into the normal function of the Smad2-
interacting proteins has been gained from studies using
fusion proteins in which their DNA-binding domains were
fused to the transcriptional repressor domain of Engrailed.
For example, Watanabe and Whitman [15] found that a
Fast-1–Engrailed fusion protein expressed in Xenopus
animal caps completely suppressed the activin responsive-
ness of mesoderm marker genes, such as goosecoid and
brachyury. By contrast, the Fast-1–Engrailed fusion protein
did not suppress induction by BMP4 of the ventral
mesodermal marker Xvent-1. The results obtained by such
approaches can, however, be difficult to interpret. It is
particularly difficult to be certain that appropriate levels or
the negatively acting construct are presented at appropriate
times during development. While plausible, even accurate,
results may be obtained by introducing dominant-negative
or antimorphic versions of proteins, it is clearly preferable
to know the phenotype caused by absence of the wild-
type protein.
The zebrafish fast-1 and mixer mutations
If Fast-1 were the only co-factor employed by Nodal
signalling in the zebrafish gastrula, then one would expect
the MZsur phenotype to replicate the squint; cyclops/MZoep
phenotype. This is not the case. The phenotype of MZsur
mutants is clearly less severe than that of squint; cyclops or
MZoep mutants. Although the schmalspur mutations are
not complete protein nulls, they do appear to create a
completely dysfunctional protein. Mutant surm768 mRNA
is unable to rescue the MZsur phenotype, whereas the wild-
type schmalspur mRNA can [3,4]. As in the Xenopus experi-
ments mentioned above, the production of Fast-1–Engrailed
fusion proteins in wild-type zebrafish embryos was found
to cause a dramatic phenotype; in fact, most such embryos
exhibit the squint; cyclops/MZoep phenotype [3].
The fact that the complete absence of maternal and
zygotic Fast-1 in MZsur mutants does not fully phenocopy
squint; cyclops or MZoep suggests several possibilities.
Either Fast-1 functionally overlaps with another Fast-1-
related protein expressed during gastrulation, or other
unrelated proteins, such as members of the Mix/Bix
family, are able to do the job. In this light, the product of
the bonnie and clyde gene may be the ideal candidate for
this job [7]. With regard to the bonnie and clyde mutations,
there is an interesting complementarity to its phenotype
when compared with the MZsur phenotype. Whereas
MZsur mutant embryos show severe losses of axial
mesendoderm, bonnie and clyde mutants fail to form the
most non-axial endoderm. We await the generation of
combined MZsur; bonnie and clyde mutant embryos which
should reveal the answer.
Figure 2
Phenotypes of 24 hour mutant and experimental zebrafish embryos
mentioned in this review. (a) Wild-type embryo; (b) squint; cyclops
double mutant; (c) maternal–zygotic one-eyed pinhead mutant;
(d) activin mRNA-injected embryo; (e) maternal–zygotic schmalspur
mutant; (f) embryo injected with mRNA encoding a fusion protein
consisting of the forkhead domain of Fast-1 linked to the repressor
domain of Engrailed.
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